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Abstract In this article, a comparison will be made
concerning the advantages and disadvantages of five kinds
of coal mine methane (CMM) deoxygenation method, includ-
ing pressure swing adsorption, combustion, membrane sepa-
ration, non-metallic reduction, and cryogenic distillation.
Pressure swing adsorption has a wide range of application
and strong production capacity. To achieve this goal, adsor-
bent must have high selectivity, adsorption capacity, and ade-
quate adsorption/desorption kinetics, remain stable after sev-
eral adsorption/desorption cycles, and possess good thermal
and mechanical stabilities. Catalytic combustion deoxygen-
ation is a high-temperature exothermic redox chemical reac-
tion, which releases large amounts of thermal energy. So, the
stable and accurate control of the temperature is not easy.
Meanwhile partial methane is lost. The key of catalytic com-
bustion deoxygenation lies in the development of high-
efficiency catalyst. Membrane separation has advantages of
high separation efficiency and low energy consumption.
However, there are many obstacles, including higher costs.
Membrane materials have the requirements of both high per-
meability and high selectivity. The development of new mem-
brane materials is a key for membrane separation. Cryogenic
distillation has many excellence advantages, such as high pu-
rity production and high recovery. However, the energy
consumption increases with decreasing CH4 concentrations
in feed gas. Moreover, there are many types of operational
security problems. And that several kinds of deoxygenation
techniques mentioned above have an economic value just for
oxygen-bearing CMM with methane content above 30%.
Moreover, all the above methods are not applicable to deoxy-
genation of low concentration CMM. Non-metallic reduction
method cannot only realize cyclic utilization of deoxidizer but
also have no impurity gases generation. It also has a relatively
low cost and low loss rate of methane, and the oxygen is
removed thoroughly. In particular, the non-metallic reduction
method has good development prospects for low concentra-
tion oxygen-bearing CMM. This article also points out the
direction of future development of coal mine methane
deoxygenation.
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reduction . Catalyst
Introduction
Coal mine methane (CMM), commonly known as coal seam
gas, is a by-product which is extracted from the air in the coal
mine helping to improve safety and preventing an uncon-
trolled release of methane to atmosphere (Moore 2012;
Ritter et al. 2015; Senthamaraikkannan et al. 2016; Zhang
et al. 2012; Zhang and Pan 2014). CMM is widely available
throughout the world, which is recognized as an alternative to
conventional natural gas. It is a new kind of clean energy. Coal
seam gas containing a relatively high methane concentration
can be used to generate electricity. There are mainly two types
of exploitation for coal minemethane: one is surface-extracted
coal mine methane before coal mining. The methane content
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is high with the volume fraction exceeding 95%. Through
surface extraction of coal mine methane, the gas composition
is normally stable, meaning that the gas can be fed directly
into the natural-gas network or a gas engine. Another is the
extracted coal mine methane during coal mining for safe pro-
duction from the coal mine (Kędzior 2009; Moore 2012). The
methane content is low with a volume fraction of 3–80%, and
the other content is mainly carbon dioxide and air. Coal mine
methane containing lots of air is called oxygen-bearing coal
mine methane. The presence of oxygen creates a significant
constraint on the utilization of coal mine methane.
Nowmany countries in the world are very concerned about
the development and utilization of coal mine methane, but
there are still many technical limitations on the development
and utilization of coal mine methane (Kurnia et al. 2016).
According to the Bcoal mine safety regulations^ (Wang and
Fan 2011), coal mine methane containing less than 30% of
methane cannot be directly used as an industrial or commer-
cial fuel because it is liable to explode in the transport and
utilization process due to the existence of some amount of
oxygen. The explosibility diagram for methane is shown in
Fig. 1 (Coward and Jones 1952). For many countries, coal
mine methane extraction technology is not yet mature. The
constraints to CMM development for top CMM-emitting
countries are list in Table 1. For the most top CMM-emitting
countries, most of the CMM is low-grade containing less than
30% methane. If these CMMs cannot be utilized, these would
be released directly into the atmosphere leading to resources
waste and environmental pollution. About 19 billion m3 of
CMM is emitted into the air every year, which is greater than
20,000 t standard coal (Yang et al. 2014; Ma 2007). And the
annual emissions are still increasing. As we all know, the
methane also has significant effects on the global warming
and the related environmental problems as a greenhouse gas,
as shown in Fig. 2 (Karakurt et al. 2009). Coal mine methane
is a major source of methane emissions. Therefore, there are
many benefits to development and utilization of oxygen-
bearing coal mine methane. One benefit is to prevent the gas
explosion to guarantee safe production from the coal mine.
Another one is reducing the greenhouse gas emissions to
achieve energy conservation and a better global atmospheric
environment. Meanwhile, as an efficient and clean energy,
commercializing the coalbed methane can produce a large
economic benefit (Gatnar and Tor 2003; Jens et al. 2009;
Fig. 1 Methane explosibility diagram
Table 1 Constraints to CMM development for top CMM-emitting countries (Karacan et al. 2011)
Country Primary constraints
China • Most mines are not accessible to gas pipeline network.
• Limited drainage technologies/low drainage rates
• Regulations for foreign project developers may be unclear.
• Most CMM is low-grade, i.e., less than 30% methane.
USA • In much of the USA (especially in western states), there is limited pipeline capacity relative to supply.
• Relatively low electricity prices have made power projects (either for onsite use or for sales to a utility) less attractive.
• Ownership of carbon-based mineral rights is often divided between oil/natural gas and coal.
Russia • CMM and CBM must compete with large, in-country proven gas resources with low-cost production capacity.
• The region lacks the technological capability to extract CBM economically from saturated, low-permeability coal seams.
• There is a general lack of state support for unconventional fuel production (M2M Workshop—Russia, 2005).
• Most CMM is low-grade, i.e., less than 30% methane.
Australia • Power generation costs are relatively high—may not be able to pass on the full cost of emission credits in market power prices.
Ukraine • Methane in coal is owned by state but assigned to companies, mines, and individuals, and rights to methane are not easily transferred.
• Most coal enterprises are not profitable, and only a few have seen significant private investment.
• Most CMM is low-grade, i.e., less than 30% methane.
India • Lack of clarity about legal and regulatory issues, especially ownership of the gas
• Lack of technology and technical knowledge
• Lack of CMM resource assessment, technology selection, and formulation of feasibility studies
• Lack of pilot projects to demonstrate site-specific economic recovery and utilization
• Lack of infrastructure to utilize gas
• Lack of financing or capacity to obtain financing
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Gao et al. 2010; Cheng et al. 2011; Zhang et al. 2013; Majhi
et al. 2013). So, the development and utilization of the CMM
have been given more attention because of their status as a
greenhouse gas and their potential high value added as a clean
energy resource. The illustration of classifying mine methane
mitigation and utilization technologies is listed in Fig. 3 (Su
et al. 2005).
The low concentration CMM with methane content ranges
from 6 to 30% contains a lot of O2. If the oxygen-bearing
CMM is directly enriched, as the amount of CH4 in the air
decreases, it can reach the lowest point or concentration where
there is still a potential for an explosion if an ignition source is
present this is very dangerous (Lu et al. 2013). Therefore,
deoxygenation is generally the first process component for
the separation applications progress to minimize the risk of
explosion. The problem of deoxygenation is one of the key
restrictive factors of the low concentration oxygen-bearing
CMM rational utilization. Deoxygenation of coal mine meth-
ane is a technology problem both in China and other countries.
At present, deoxygenation technologies mainly include pres-
sure swing adsorption, combustion (Slinko et al. 2006; Su
et al. 2005), membrane separation (Sander and Connell
2012; Qiu and Hayden 2009), non-metallic reduction, and
cryogenic distillation (Burdyny and Struchtrup 2010; Wu
et al. 2008; Karacan et al. 2011). The applications of these
technologies in oxygen-bearing CMM deoxygenation were
reviewed in this paper.
Deoxygenation method
Pressure swing adsorption deoxygenation
Pressure swing adsorption (PSA) is an adsorption separation
method for mixture gas with a pressurized condition, using the
adsorbent different in adsorption capacity, adsorption rate, and
adsorption capacity for different components and the charac-
teristic of adsorption capacity followed with pressure changes
of adsorbent for different gas compositions. Under normal
circumstances, when the oxygen is removed, the adsorbent
will also remove carbon dioxide and nitrogen. Prior to the
development of this type of adsorbent, it is likely that the
purification process would have required two or more differ-
ent adsorbents utilized in vessels in series to remove different
contaminants (Cavenati et al. 2004).
Pressure swing adsorption deoxygenation is a technology
used to separate oxygen from CMM under pressure according
to the species’ molecular characteristics and affinity for an
adsorbent material. It operates at near-ambient temperatures
and differs significantly from cryogenic distillation techniques
Fig. 2 Contribution of gases to anthropogenic greenhouse gas emissions
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of gas separation. The key of this technology is to develop a
high adsorption capacity and high selectivity adsorbent of O2.
Pressure swing adsorption technology for CMM deoxygen-
ation is studied by many scholars both in China and in other
countries. This technology has many advantages such as the
simplicity of processes and equipment, short process route,
low investment, and operation cost. This technology has al-
ready made remarkable achievements for the deoxygenation
of CMM with a high content of methane. But for the low
content coalbed gas (CH4 volume fraction ≤30%), the
methane/air proportion can change suddenly, thus complicat-
ing its use in gas engines. With the decrease of CH4 concen-
tration, the traditional PSA approach with single adsorbent
results in a CH4 concentration that is very close to the explo-
sion limit and increases the risk of an explosion in the adsorp-
tion process. In addition, the space between the adsorbent
particles can lead to the loss of part of CH4 and reduce its
product yield in the process of adsorption and desorption.
Based on the safety analysis for the low concentration
CMM (CH4 concentration less than 30%) adsorption enrich-
ment process by the explosion triangle, proportion pressure
swing adsorption (PPSA), a new and safer enrichment meth-
od, was suggested to enrich the low concentration coalbed gas
(Li et al. 2013; Li and Liu 2013; Cao et al. 2011; Li et al.
2011a). A mixture of active carbon and carbon molecular
sieve was employed as adsorbent in the process of PPSA.
The methane and oxygen in coalbed gas were adsorbed simul-
taneously, where methane was mostly adsorbed on active car-
bon and oxygen was mostly adsorbed by carbon molecular
sieve. The results show that the O2 concentration can be con-
trolled well and does not exceed the explosive limit in both
adsorption and desorption, and the CH4 concentration in the
desorption gas can be increased to more than 30% by
adjusting the bed length and mass ratio of the active carbon
and carbon molecular sieve. Yang and Liu (2011) investigated
the effects of adsorption time, the ratio of adsorbents, orifice
diameter, and purge time in the process of low concentration
oxygen-bearing CMM enrichment by pressure swing adsorp-
tion. The results show that taking the carbon molecular sieve
and activated carbon adsorbent as the mixed adsorbent, the
methane concentration of coal mine methane can be concen-
trated from 20% to above 30%, when the mass ratio of the
blend adsorbent is 3.4. At this point, methane concentration
and oxygen concentration of vent gas were below 3 and 10%,
respectively. Under the researching platform of coalbed car-
bon materials, the carbon molecular sieves absorbent for
CMM was researched by Qu and Dong (2014). They found
that the concentration of CH4 increases from 20–30% to more
Fig. 5 Structural features from
macro- to micro-scales of the
fresh Pd-PdO-NiO/Ni-foam
sample (1 wt% Pd). a Photograph.
b Low-magnitude SEM image. c
XRD pattern. d High-magnitude
SEM image, e–g SEM-EDX line
scanning images. h BSE image. i
TEM image
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Fig. 4 Possible mechanism for
methane catalytic oxidation:
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than 90%, and also the concentration of O2 decreases to be
lower than 1%; the running energy consumption is 0.5–
0.6 KW h m−3 compressed natural gas (CNG).
Pressure swing adsorption method has some advantages,
such as low unit energy consumption, high degree of automa-
tion, easy operation, high efficiency, and the product gas pu-
rity adjusted. One of the disadvantages is that the product
recovery rate is only 40–50%, which is due to some of the
gap in the adsorption layer. And the product gas in the gap was
discharged when the adsorbent absorbed oxygen and a part of
product gas were also utilized to wash the adsorbent.
Therefore, in recent years, vacuum pressure swing adsorption
(VPSA) was researched for the CMM separation by many
scholars (Gomes and Hassan 2001; Zhou et al. 2013).
Vacuum pressure swing adsorption is the extension of the
pressure swing adsorption separation technology. The concen-
tration of O2 in the low concentration CMM is relatively high,
about 10–15%. If PSAwith the high-pressure adsorption and
low pressure desorption was used in the operation process, the
explosion may occur under certain temperature and pressure,
while the vacuum pressure swing adsorption can effectively
improve the safety of the operation. The oxygen removal from
Fig. 7 Transmission electron
micrographs for some 0.75% Pt/
γ-Al2O3 catalysts of widely
varying dispersity. The mean Pt
particle size of 1.3 nm (a, sample
Ia) and 2.0 nm (b, sample IIIa)
was calculated for catalysts
calcined at 400 °C, whereas 3.6
nm (c, sample Vb) and 8.5 nm
(d, sample IVb) for catalysts
calcined at 600 °C
Fig. 6 Calculated structures of
Pd(111) with different degrees of
Ni decoration (i.e., 0, 0.5, and
1 ML Ni): top views (top panels);
side views (bottom panels). Pd
and Ni atoms are shown in cyan
and yellow, respectively
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CMM was studied in a laboratory-scale two-column VPSA
device with adsorption-rinse-pressure equalization-desorption
cycle by Shen (2012), the CMS-1 as adsorbent. It was found
that CMS-1 showed the better oxygen removal performance,
and the oxygen content was reduced to 0.25% in the product
gas; the methane recovery can reach up to 96.5% by control-
ling the adsorption time in 100 s. The special adsorbent DKT-
612 (the adsorption quantity of O2 > 6 mL g
−1, the adsorption
ratio of O2/CH4 > 3) with the explosion resistance perfor-
mance was researched by Lan and Liu (2011). When the mix-
ture gas, the methane and oxygen with the content of 40 and
10%, respectively, was bubbled into five continuous vacuum
pressure swing adsorption tower, it was found that the con-
centration of O2 could be reduced to less than 1% and the
concentration of CH4 was enriched up to 50–75% in the ex-
haust. Moreover, the concentration of CH4 in the parsing gas
was lower than 2%. Liu et al. (2010) took active carbon and
carbon molecular sieve as mixture adsorbent to absorb the
methane and oxygen of the coal mine methane via the double
column VPSA device. The results show that the volume frac-
tion of methane in the adsorption effluent gas was less than
5% and does not exceed the explosive limit in both adsorption
and desorption. Olajossy et al. (2003) studied the VPSA pro-
cess employed to recover methane from coal mine methane
gas from laboratory investigations and computer calculations.
The results show that when coal mine gas was used for sepa-
ration which contained 55.2 vol% CH4, and when the ratio for
re-circulated methane to that introduced in the feed was
adopted to fall within P/F = 1.8–2.12, methane-rich gas was
produced which contained 96–98 vol% CH4. The efficiency
figure for methane recovery was 86–91%, while the methane
content in methane-lean gas released from the adsorption fa-
cility was 11–15 vol% CH4. The degree for nitrogen and ox-
ygen rejection from methane-rich gas was high and it reached
96–98%. Under optimum conditions, the VPSA process
employed to separate coal mine methane gas becomes very
sensitive to changing flow rates of feed gas and recycle
(purge) gas.
Vacuum pressure swing adsorption separation technology
has many excellent advantages such as high degree of auto-
mation, easy operation, high efficiency, and low operation
cost. However, the high demand for adsorbent is a major
problem. If we want to realize the promotion of this technol-
ogy, to achieve the promotion of the technology, it needs to
develop an adsorbent for the methane with high adsorption
capacity, high selectivity, and low cost.
Combustion deoxygenation
Catalytic combustion deoxygenation
Catalytic combustion deoxygenation involves catalytic com-
bustion of methane to remove O2 under a lean oxygen envi-
ronment (Stasinska et al. 2008). The combustion mechanism
of methane with oxygen may be represented by the following
equation.
Fig. 8 The relationship between the particle size of platinum
nanoparticles and the value of TOF
Fig. 9 Schematic diagram of
microwave deoxygenation
equipment
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CH4 þ 2O2 ¼ CO2 þ 2H2O ΔH 298ð Þ ¼ −802:7 KJ
.
mol ð1Þ
However, this is only a gross simplification, since the
actual reaction mechanism involves many free radical
chain reactions (Lee and Trimm 1995). The combustion
of methane may produce CO or CO2 depending on the
air/methane ratio by the reactions.
CH4 þ 2O2 ¼ CO2 þ 2H2O ð2Þ
CH4 þ 3
.
2O
2
¼ COþ 2H2O ð3Þ
Other reactions may also be present, such as
CH4 þ H2O ¼ COþ 3H2 ð4Þ
2H2 þ O2 ¼ 2H2O ð5Þ
COþ H2O ¼ CO2 þ H2 ð6Þ
The kinetic mechanisms of methane catalytic combustion
can become quite involved when multistep surface reactions
are considered. A possible mechanism for methane catalytic
oxidation proposed by Oh et al. (1991) is shown in Fig. 4.
Catalytic combustion of methane is a strongly exothermic
reaction, which induces temperature runaway of the catalyst
bed, resulting in catalyst deactivation due to sintering at high
temperatures. A disadvantage of catalytic combustion deoxy-
genation is the methane consumption and susceptibility of the
catalyst to deactivation; therefore, the choice of catalyst is
critical. The most common catalysts used in the catalytic com-
bustion deoxygenation are precious metals, non-precious
metals, and perovskite composite metal oxide (Seki et al.
2014).
Zhang et al. (2015, 2016a, 2016b) developed a high-
performance PdNi (alloy)/Ni-foam catalyst prepared with the
aid of galvanic deposition of Pd nanoparticles onto the mono-
lithic Ni-foam in association with in situ reaction activation,
which is used in catalytic coalbed methane deoxygenation.
From the Fig. 5 reported by the authors, it was found that
the prepared catalyst possesses well-preserved monolithic
structure, and a special Pd@NiO ensemble formed. In addi-
tion, the influence of Ni decoration at Pd was also explored by
Fig. 10 Liquefaction separation
process of CMM
(CO2)
(CH4+N2+ O2)
Oxygen-bearing coal methane
Reacon tail gas
Deoxygenaon of coal mine methane
Reducing gas
Ulizaon
(CH4+ N2)
(CO+ H2)
Sulphide
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Fig. 11 Sulfide deoxidization circulation principle
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the density functional theory calculations to help comprehend
the PdNi alloy catalysis in the progress of coalbed methane
deoxygenation, as shown in Fig. 6. The authors reported that
the catalyst could deliver a complete O2 conversion for a sim-
ulated feed of CH4/O2/N2 (40/3/57, vol%) at 350 °Cwith a
GHSV of 12,000 mL gcat
−1 h−1, as the catalyst with a low
Pd-loading of 1 wt% applied for the combustion deoxygen-
ation of coal mine methane. Moreover, this catalyst was stable
for at least 500 h without deactivation and reaction oscillation.
Miao and Deng (2001) studied Pt-incorporated Au/Co3O4 cat-
alyst. The researchers added small amount of Pt, e.g., 0.2 wt%
to Au/Co3O4 (Au loading was 2–5 wt%) and found that cata-
lytic activity towards methane combustion could be enhanced,
and the temperature for 100% conversion of methane could be
decreased by 50 °C; methane could be oxidized at 218 °C and
could be completely oxidized at 360 °C. Simplício et al.
(2009) studied the role of palladium precursors and cerium
addition on the catalytic properties of these systems and on
the thermal stability of PdO (active phase) in the catalytic
combustion of methane at high temperatures (above
600 °C). The authors reported that the use of cerium improved
PdO thermal stability, and this was more pronounced on the
catalysts prepared using acetylacetonate as a precursor. Beck
et al. (2009) synthesized a series of the Pt/Al2O3 catalysts with
the mean particle sizes ranging from 1 to 10 nm and narrow
size distribution, as shown in Fig. 7. They studied relationship
between the particle size of catalyst active component and the
activity of catalyst in the process of methane combustion un-
der lean conditions. They found that the methane total oxida-
tion on these chlorine-free Pt/Al2O3 catalysts is shown to be
strongly size sensitive. The size dependence of the turnover
frequency (TOF) is narrow and bell-shaped. Moreover, the
maximum TOF value is observed at the mean particle sizes
of about 2 nm for the catalysts containing partially oxidized
platinum, as shown in Fig. 8. In another study, Wang et al.
(2010) developed a series of composite catalyst and applied in
catalyst deoxygenation for coal mine methane. The catalyst
comprises active content and the additive. The active compo-
sition includes one or more platinum group noble metals
selecting from the group consisting of Pd, Pt, Ru, Rh, and Ir.
The additive includes one or more alkaline metals or alkaline
earth metals selected from the group consisting of Na2O, K2O,
MgO, and CaO. When composite catalyst is used in the cata-
lytic deoxygenation process of coal mine methane in oxygen-
containing environment, 1 to 15% of oxygen in coal mine
methane can be effectively removed. Moreover, the percent-
age yield of methane is equal to the theoretical percentage
yield obtained under the assumption of complete conversion
of methane and oxygen.
Considerable research efforts have been focused on the
development of active and thermodynamically stable catalysts
for the coal mine methane deoxygenation. It has been proved
that supported noble metal catalysts have been promising cat-
alytic performances and low sensitivities to carbon deposition.
However, concerning the limited resources, numerous re-
searches focused on non-noble metal catalysts. Zhou et al.
(2013) studied oxygen-bearing coal mine methane deoxygen-
ation in a bench-scale fluidized bed reactor with the spherical
Cu-based catalyst and found that the raising bed temperature
could promote the O2 conversion due to the high activity and
selectivity of the catalyst. The O2 conversion could reach
more than 95% when the temperature was above 450 °C.
Table 2 A comparisons between the different deoxygenation technologies
Technology Advantages Disadvantages Application status
Pressure swing
adsorption
Low unit energy
consumption
High degree of automation
Easy operation
High efficiency
Low recovery of methane
Operates most favorably at lower pressures (20–30 bar)
Being developed in a lab-scale unit
Catalytic combustion Simple equipment
Low cost
Large loss of methane
High operating temperature
Being developed in a lab-scale unit
Non-catalytic
combustion
Without catalyst
Low methane loss
High energy consumption
Difficult to control the reaction temperature
High equipment investment
Being developed in a lab-scale unit
Membrane separation High separation efficiency
Easy operation
Environmentally friendly
High recovery of methane
High cost of maintenance
Short service life
Being developed in a lab-scale unit
Cryogenic separation High recovery of methane
Short technique route
Good purity of products
Can operate at high pressures
High energy consumption
High cost
Demonstrated in a pilot-scale unit
Non-metallic reduction High recovery of methane
Circular economy
Higher recreation temperature Being developed in a lab-scale unit
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The smaller particle size was beneficial to the CO2 selectivity
of the catalyst because of the decreasing inner diffusion resis-
tance. The lower space velocity also could improve the O2
removal efficiency when the bed temperature was below
450 °C, although the improvement almost disappears above
450 °C due to the increasing catalytic combustion rate. They
also found that the process has a perfect oxygen removal per-
formance with the O2 concentration less than 0.2% in the exit
gas for the O2 content from 5 to 15% in the simulated CMM.
Cheng and Zeng (2008) studied a series of manganese modi-
fied catalyst for the CMM deoxygenation, and found that
manganese modified catalyst exhibited higher activity and
better stability. Results show that the removal efficiency of
oxygen can reach 97.2% over the manganese catalyst when
temperature is 445 °C.
Catalytic combustion deoxygenation has some advantages,
such as easy operation, high degree of automation, and simple
equipment. One of the disadvantages is that a part of methane
was consumed by combustion and an amount of methane was
decomposed at the same time; the concentration of methane
was reduced in the product gas. However, catalytic combus-
tion deoxygenation is also mainly applied to a higher concen-
tration of CMM deoxygenation.
Non-catalytic combustion deoxygenation
Non-catalytic combustion deoxygenation involves combus-
tion of methane and char to remove O2 under a lean oxygen
environment in CMM, as shown in Eqs. (7)–(8).
Cþ O2→ CO2 ΔH ¼ −398 KJ
.
mol ð7Þ
Cþ 1
.
2O2→CO ΔH ¼ −110 KJ
.
mol ð8Þ
Many factors may influence the combustion rate and deox-
ygenation efficiency, for example, temperature and feed gas
flow rate. At the same time, these factors may also influence
CH4 decomposition, as shown in Eqs. (9)–(11), leading to the
loss of methane (Ren et al. 2014).
CH4 þ 2O2→ CO2 þ 2H2O ΔH ¼ −802 KJ
.
mol ð9Þ
CH4 þ O2→COþ H2 þ H2O ΔH
¼ −278 KJ
.
mol ð10Þ
CH4→Cþ 2H2 ΔH ¼ þ75 KJ
.
mol ð11Þ
In non-catalytic combustion deoxygenation, coke combus-
tion can effectively remove oxygen in CMM. But, the use of
coke involves high energy consumption. Non-catalytic com-
bustion deoxygenation is a strongly exothermic reaction,
which induces temperature runaway of the reaction bed,
resulting in methane consumption due to methane hydrolyzed
at high temperatures. Therefore, lowering the reaction temper-
ature is critical. Guo et al. (2015) developed a coalbed meth-
ane deoxidizing method, the gangue utilized as a deoxidizer.
Moreover, microwave heating was successfully used for the
deoxidization process of coal minemethane, which has a great
advantage in terms of saving of energy and time. Device dia-
gram is shown in Fig. 9. Under optimal conditions (650 °C
and 300 mL/min), the oxygen can be almost completely re-
moved and the loss of methane can be controlled less than
2.2%. Dong and Wang (2009) studied a series of coke com-
bustion deoxygenation method and found that this method can
effectively control the deoxygenation temperature in the range
of 500–700 °C and reduce the oxygen content in CMM, as
well as maximally reduce methane loss less than 10%.
Because high deoxygenation temperature causes decomposi-
tion of methane, the coke combustion deoxygenation method
was mainly used for the high concentration CMM. In order to
reduce the deoxygenation temperature and the loss of meth-
ane, a kind of non-catalytic deoxygenation technology for the
low concentration CMMwas developed by our team.We used
the biomass straws as the deoxidizer, and the recreation tem-
perature was controlled less than 450 °C for the CMMwith 3–
17 vol.% O2. Through research, we found that the deoxygen-
ation temperature and the loss of methane can be reduced
effectively by using the biomass charcoal as the deoxidizer.
However, with the biomass charcoal as the deoxidizer, the
impurities gas (such as CO and CO2) was produced in the
process of deoxygenation. These impurity gases can influence
the subsequent separation and purification of CH4.
The coke combustion deoxygenation method has many
excellent advantages such as without a catalyst, the high effi-
ciency of oxygen removal, and low methane loss. However,
the high demand for bed temperature control is a major prob-
lem, because coke andmethane react with oxygenwhich is the
strong exothermic reaction. If the bed temperature is too low,
the deoxygenation of CMM gas and coke combustion would
be incomplete, which also would lead to the incensement of a
coke consumption results in wasting resources (Gosiewskia
et al. 2008). In addition, the impurity gases, such as CO2
and hydrogen sulfide, would increase after coke combustion
deoxygenation. So, a set of amine acid equipment used for
removing CO2 and sulfide must be established after the deox-
ygenation. These devices not only increase the equipment
investment and the energy consumption but also make the
operation more inconvenience. It was unsuitable in low con-
centration CMM deoxygenation.
Membrane separation deoxygenation
Membrane separation is a technology which selectively sepa-
rates materials via pores and/or minute gaps in the molecular
arrangement of a continuous structure. Membrane separation
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processes differ based on separation mechanisms and size of
the separated particles. Membrane separation techniques
mostly use the polymer thin films to separate mixture gas.
As the there is a difference in the diffusion coefficient of the
gas composition through the polymer thin films, it leads to the
different permeation rates of the gas composition; the mixture
gas is separated. Two main structure types of gas separation
membranes are available, namely, spiral coil type and hollow
fiber, the latter is applied widely in the gas separation field due
to their high surface area and the capability to withstand a
high-pressure environment.
At present, gas separation deoxygenation membranes were
mainly used for the O2/N2 separation. When it was applied for
the low concentration CMM separation, the O2 molecule size
was nearly equal to CH4, resulting in CH4 loss due to low
selective of O2 and CH4 (Ravanchia et al. 2009). Baker et al.
(2003) studied a process for treating natural gas or other
methane-rich gases to remove excess nitrogen and found that
the methane-rich gas and nitrogen can be produced under the
condition of −20–0 °C, using silicone rubber membrane as
methane-selective membrane. Then, the mixtures gas with a
methane content of 30–60% was gotten through the 6FDA
(4,4′-(hexafluoroisopropylidene) diphthalic anhydride)-based
membrane or perfluorinated polymer membranes to make the
methane enrichment. The production gas obtained contains
above 90 vol.%CH4. The process enables the nitrogen content
of the gas to be substantially reduced, without requiring the
membranes to be operated at very low temperatures. In the
other studies, the researchers reported that partially carbonized
polyimide (CPI) membranes carbonized at 500 °C showed
high permeability for O2, about 1000–30,000 barrer, but the
permselectivity for O2/N2 was only 3–6 (Momose et al. 2004;
Nishiyama et al. 2003). Wang et al. (2012) studied the sepa-
ration and purification to oxygen CMM under constant tem-
perature with a hollow fiber membrane separator. They report-
ed the impact of inlet gas flow rate and pressure differences
between two sides of the membrane on deoxygenation rate,
methane loss rate, mass transfer rates of oxygen, and mass
transfer coefficient. The results show that the pressure differ-
ences between two sides of the membrane have a great impact
on the deoxygenation rate; the increase of pressure differences
between two sides of the membrane can improve the mass
transfer of oxygen, but the methane loss rate will increase at
the same time and the deoxygenation rate of the single-level
membranemodules can be up to 96% for fuel gas with oxygen
content of 9.31%, but the methane loss rate was up to 28%.
Lokhandwala (1997) developed a kind of new technology
which contains a combination of membrane separation pro-
cess and cryogenic distillation process. The technology can
separate a mixture gas containing methane, nitrogen, and ox-
ygen. First of all, the nitrogen was removed from the high
concentration of methane mixtures gas with membrane sepa-
ration process, and then the concentrated mixture gas was
further purified and deoxidized in cryogenic distillation
column.
Membrane technique is a novel technology for gas separa-
tion. Compared to the other separation methods, membrane
separation has many advantages such as high separation effi-
ciency, small footprint device, energy-saving, easy operation,
high degree of automation, and environmentally friendly.
Each membrane has a different permeability coefficient for
each gas, and the faster permeation of some gases relative to
others provides the basis for the use of a membrane to sepa-
ration gas mixtures. The range over which permeability can
vary in different membranes is enormous. The key properties
determining membrane separation technologies are high se-
lectivity and fluxes; good mechanical, chemical, and thermal
stabilities under operating conditions; low fouling tendencies
and good compatibility with the operating environment; and
cost effective and defect-free production (Qiu and Hayden
2009; Fuertes 2001). In recent years, membrane technology
is a research hotspot and development of specialized mem-
branes for the separation of different gases has progressed
significantly. However, there are still many limitations on
the large-scale application of membranes in industry due to
the limitations of membrane performance and the high cost of
maintenance (Charcosset 2009). Thus, the development of
membrane material is a key of the membrane separation used
in the CMM deoxygenation.
Cryogenic separation deoxygenation
Low temperature liquefaction separation, also known as cryo-
genic distillation, was invented by prof. Lin in 1902. A cryo-
genic process consists of a series of compression and heat
exchange stages in order to cool the gas stream until it liq-
uefies. And then according to the different boiling points of
various components, different components are separated from
the liquefaction of the coal mine methane in the distillation
tower (Burdyny and Struchtrup 2010).
The main ingredients of oxygen-bearing CMM are CH4,
N2, and O2. At standard pressure (101.3 KPa), the boiling
points of CH4, N2, and O2 are −161.5, −195.6, and
−182.9 °C, respectively. According to the difference in boiling
point of different gas components in the oxygen-bearing
CMM, the different components are evaporated consecutive-
ly, and methane is enriched (Li et al. 2011b). Cui et al. (2015)
proposed a new liquefaction and distillation process which is
used for the coal mine methane to remove the oxygen. The
liquefaction separation unit is shown in Fig. 10. The device
includes the liquefaction system and the refrigerant system. In
the liquefaction system, oxygen-bearing CMM is first com-
pressed by compressor C-1 and then cooled by cooler E-1.
Then, it is compressed again by compressor C-2 and cooled
by cooler E-2. After completing the above procedure, the coal
mine methane has high pressure and initial liquefaction
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temperature. Then, the CMM with high pressure is further
cooled and liquefied by the heat exchangers. Afterwards, the
oxygen and nitrogen are separated thoroughly from the CMM
in the distillation column. Moreover, the purity of the LNG
product can reach up to 99.91%, and the recovery rate of
methane is 97.21%. This solved the problem of the tower
kettle with insufficient evaporative capacity for low concen-
tration CMM separation. For CMM containing methane
above 45%, the cryogenic distillation plant may concentrate
methane to 95–99% with methane recovery of 95–99%.
According to the characteristics of Hegang mining industry
group CMM source, a cryogenic liquefaction and distillation
separation process which are suitable for low concentration
CMM containing plentiful nitrogen and oxygen was designed
by Ji et al. (2010). And the low concentration CMM liquefac-
tion system is simulated and analyzed using large-scale nu-
merical analysis software. The results show that the concen-
tration of CH4 in the liquefied natural gas product could be
enriched up to 99.2% with methane recovery of 83–95% after
low temperature liquefied, and at the same time, the O2 con-
tent was reduced to 0.8 vol.%. In the other studies, Yang
(2007) developed a kind of industrial test device. This device
adopted cryogenic distillation process to separate CMM
which contained 35 vol.% CH4, and at the same time, the
purified CMM can be liquefied into LNG product. Purity of
LNG products was 99.86%. Less than 0.1% methane can be
detected in the vented air after separation. This technology has
some advantages, such as simple process, energy saving, low
material costs, and high purity products. It has proved to be a
viable technology with very good economic and environmen-
tal benefits. The industrial separation and liquefaction tests of
this device succeed in 2005 in Shanxi Yangquan coal industry
group. This is the first time in industrial success in the ward to
liquefy and separate oxygen-bearing CMM.
Low temperature separation deoxygenation has many ex-
cellent advantages, such as less equipment, high CH4 yield,
short technique route, and good purity of products. But it also
has a few disadvantages, such as high energy consumption
and potential safety hazard (Gao et al. 2010; Van den Schoor
et al. 2008). With the decrease of concentration of CH4, unit
energy consumption folds increase. So, this process has higher
energy consumption. This technology is mainly suitable for
CMM with methane content above 90%. The preponderance
of this technology is not obvious for CMM with methane
content less than 80%, resulting in the increase of energy
consumption and investment due to the distillation process
added.
Non-metallic reduction deoxygenation
Non-metallic reduction deoxygenation involves reducibility
metal and variable valence oxides to react with O2 of CMM
to remove the oxygen (Gregorio et al. 1996; Suzuki 2005).
The recycling of reductant during deoxygenation may be re-
alized by the reaction between reduction gases (including CO,
H2, and so on). Currently, the reductant for CMM deoxygen-
ation in the literature is the only sulfide reported. At a certain
temperature, sulfate was the dominant sulfur species produced
from sulfide oxidation. Then, the recycling of sulfide may be
realized by the reaction sulfate with reduction gas. The reac-
tion principle is shown in Fig. 11.
Zhang et al. (2009) investigated the deoxygenation charac-
teristic of Na2S and CaS as the active ingredient by using
thermogravimetric analysis (TGA). The results show that
Na2S was oxidized slowly just at the temperature of 200 °C.
However, CaS began to be oxidized slowly at temperatures
higher than 600 °C. Latter, Tian et al. (2011) studied Na2S as
the deoxidizer and a self-developed catalyst (SDD) as the
deoxygenation catalyst to deoxidize for low concentration
CMM. They found that the concentration of O2 in the CMM
can be reduced from 10% to about 0.93% under the tempera-
ture of 180–380 °C and the air velocity of 100–190 h−1. The
Na2S deoxygenation technique has many excellent advan-
tages, such as easy operation, low temperature, and low CH4
loss.
Sulfide regeneration has an important effect non-metallic
sulfide reduction deoxygenation technology. Some scholars
have studied the influence factors of sulfide regeneration.
Liu et al. (2004) studied the catalytic activities of the transition
metal oxide in the reduction of anhydrous sodium sulfate with
hydrogen at 500–620 °C. They reported that all these catalysts
had no activities with the temperature lower than 500 °C,
when the concentration of the catalysts was less 1%. Under
the temperature of 550–620 °C, Fe2O3, NiO, and V2O5
showed very high catalytic activities, and the conversions of
sodium sulfate reached over 90%; moreover, the reaction rates
was improved significantly. Li et al. (2005) studied the reac-
tion rate and influencing factors of the reduction of sodium
sulfate by coke oven coal gas. They found that the rate in-
creases with the rise of temperature. Below 680 °C, the reduc-
tion appears to be catalytic and Fe2O3 proves to be a high-
activity catalyst. Above 700 °C, the reaction becomes non-
catalytic. At the same time, the reaction rate is affected by
both the concentration of hydrogen in the coke oven coal
gas and the particle diameter of sodium sulfate. If the reaction
conditions are properly controlled, the addition of sodium salt
of fatty acid to sodium sulfate can help avoid fusion in the
reactor and raise the reaction rate.
It is obvious that non-metallic reduction will become a very
effective and feasible method for low concentration oxygen-
bearing CMM to deoxidize in the future.
Comparison of the technologies
Deoxygenation is a prerequisite progress for the recovery and
utilization of oxygen-bearing CMM. At present, the study of
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deoxygenation technology for low concentration oxygen-
bearing CMM is still in the primary stage. The existing deox-
ygenation technology is not yet mature. Many deoxygenation
techniques are not yet well applied for actual production of the
industry due to these different drawbacks. Table 2 shows a
comparison between the different deoxygenation
technologies.
Based on the analysis of the existing deoxygenation meth-
od, we consider that it should continue to develop novel de-
oxygenation technology and catalyst, especially the develop-
ment of novel non-metallic reduction method and deoxidizer.
In addition, we can do some process coupling by using differ-
ent deoxygenation processes due to the different CMM deox-
ygenation methods being its own merits and drawbacks.
Based on the development and optimization of catalyst and
technology, these processes can be coupled and integrate to
realize the gas separation effect which cannot be achieved by a
single process. Generally speaking, according to the CMM
concentration and different conditions, there are several forms
of coupling that can be done: (1) the coupling of two or more
separation processes, for example, membrane separation pro-
cess has advantages of high separation efficiency and low
energy cost, but it has a low production capacity. So, mem-
brane separation process can be combined with pressure
swing adsorption to compensate for its shortcomings and ob-
tain the optimal separation effect and the best economic ben-
efits; (2) the coupling of the conversion process and separation
process, for example, catalytic combustion method is com-
bined with membrane separation, and non-metallic reduction
is combined with low temperature separation; and (3) multi-
stage coupling of the same kind of separation unit, such as
multistage adsorption process and the separation technology
of pressure and temperature swing adsorption.
Conclusions
CMM is the most realistic and reliable conventional natural
gas alternative energy source. However, for the most top
CMM-emitting countries, most of the CMM is low-grade con-
taining less than 30% methane and part of oxygen. So, the
deoxygenation progress is a prerequisite progress for the re-
covery and utilization of oxygen-bearing CMM which can
make a contribution to reduce the adverse effects of GHGs
and ease the energy shortage situation. The effective deoxy-
genation method for recovery and utilization of oxygen-
bearing CMM is not yet available, but many efforts have been
devised in recent years. Majority of works has been concen-
trated on the removal of oxygen in the progress of the im-
provement of the methane concentration. The following con-
clusions can be drawn from the analysis of the current tech-
nological possibilities and the theoretical bases. (1) Most of
the coal mine methane containing less than 30% methane and
part of oxygen is extracted underground through coal mines.
These low-grade CMM cannot be directly used as an indus-
trial or commercial fuel because it is liable to explode in the
transport and utilization process due to the existence of some
amount of oxygen. (2) In case of inadequate methane concen-
tration in the oxygen-bearing CMM to meet the requirements
for the further utilization processes, the deoxygenation prog-
ress of oxygen-bearing CMM and enrichment progress of
methane concentration can be carried out simultaneously. (3)
The suitability of the deoxygenation method depends mainly
on the methane concentration in the oxygen-bearing CMM
and the specific circumstances of the coalmine site. Before
any type of deoxygenation technologies is applied to the
oxygen-bearing CMM in the mine site, the assessment of
safety of deoxygenation progress is very important.
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